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Polarization-resolved Raman spectroscopy was performed and analyzed from large, high quality,
mono-domain single crystal of α-RuCl3, a proximate Kitaev quantum spin liquid. Spectra were
collected with laser polarizations parallel and perpendicular to the honeycomb plane. Pairs of
nearly degenerate phonons were discovered and show either a 4-fold or 2-fold polarization angle
dependence in their Raman intensity, thereby providing evidence to definitively assign the bulk
crystal point group as C2h. The low frequency continuum that is often attributed to scattering from
pairs of Majorana fermions was also examined and found to disappear when the laser excitation and
scattered photon polarizations were perpendicular to the honeycomb plane. This disappearance,
along with the behavior of the phonon spectrum in the same polarization configuration, strongly
suggests that the scattering continuum is 2-dimensional. We argue that this scattering continuum
originates from the Kitaev magnetic interactions that survives up to room temperature, a scale
larger than the bare Kitaev exchange energy of approximately 50 K.
I. INTRODUCTION
In the last decade, quantum spin liquids (QSL) re-
search has developed into a burgeoning field in condensed
matter physics1–6. Due to the lack of spin ordering and
the massively entangled ground state, a QSL is predicted
to host a variety of exotic phenomena3. Because of the
exact analytical solution of its ground state and exci-
tations, the Kitaev model2 is one of the most studied
theoretical models of a QSL. Recent experimental and
theoretical studies have converged onto a few real sys-
tems that could host this model7–17, including α-RuCl3
and the iridate family of A2IrO3. In these systems, strong
spin-orbit coupling, which leads to Jeff = 1/2, and the
honeycomb lattice of the edge-sharing IrO6 and RuCl6
octahedra give rise to effective bond-dependent exchange
interaction of the Kitaev model18,19.
Although long range magnetic order does occur in α-
RuCl3 below 7 K
20, inelastic neutron scattering (INS)
revealed contributions from both Heisenberg and Kitaev
exchange7. A magnetic scattering continuum measured
by various INS studies8,9,21 was suggested to arise from
excitations of Majorana fermions, a signature of the Ki-
taev QSL phase2,4,5. Others have argued that this con-
tinuum comes from magnons that decay rapidly as a
consequence of frustrated interactions22. Interestingly,
theoretical studies have shown that inelastic scattering
with light (such as Raman scattering) can also couple
to the fractionalized spin excitations13,14,23. The pre-
dicted broad Raman scattering signal has been measured
in both α-RuCl3 and β and γ-Li2IrO3
10–12.
The space group symmetry of bulk crystal α-RuCl3 is
C2/m (point group C2h) at room temperature
24,25. The
a-b plane consists of Ru3+ ions that form a 2-dimensional
(2D) honeycomb lattice. The Ru ions reside inside Cl−
octahedra, where due to crystal field splitting and spin
orbit coupling, have pseudo-spin values of 1/218. These
honeycomb planes are monoclinically stacked along the
c axis (Fig. 1(a) and (b)). The c axis makes an ap-
proximately 108° angle with the a axis while being per-
pendicular to the b axis, and the van der Waals cou-
pling weakly holds the 2D layers together. The mono-
clinic stacking breaks the 3-fold rotational symmetry of
the honeycomb layers, leaving the 2-fold rotational sym-
metry around the b-axis as the highest symmetry of the
bulk crystal. Refinement of diffraction data from previ-
ous studies revealed a small distortion of the honeycomb
plane, in the order of ∼0.01 A˚, effectively also breaking
the individual layer’s 3-fold symmetry24,25.
Temperature-dependent Raman scattering experi-
ments and theory provided additional evidence that this
scattering continuum follows a fermionic behavior at low
temperature, as opposed to bosonic10,12,26,27. Scatter-
ing of a lattice vibrational mode in the proximity of this
continuum exhibits a highly asymmetric lineshape10,11.
However, a determination of the symmetry and frequency
of all of the bulk crystal’s Raman phonons has not been
uniquely made. Armed with a high quality single crys-
tal sample of α-RuCl3, our Raman scattering experiment
is able to definitively determine the symmetry of the
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2Parallel Crossed
a-b
Ag (a+ b) + (a− b) cos(2θ) (b− a) sin(2θ)
Bg e sin(2θ) e cos(2θ)
a-c
Ag (a+ c) + (a− c) cos(2φ)− 2d sin(2φ) (a− c) sin(2φ)− 2d cos(2φ)
Bg N.A. N.A.
TABLE I. Amplitude of the Raman response of the a-b and a-c plane of α-RuCl3, derived as ei · RS · es, where ei and es
are the incident and scattered polarization directions, respectively, and the raman tensor RS are given in Eq. 1. Here the
crystalline b axis is the tensor y axis, and a is the x axis, while c is not the z axis. N.A. means that no Raman response should
occur for that configuration. θ and φ are defined in the text.
Raman-active phonons. In addition, multiple phonon
peaks, not observed in previous studies, with ≈ 2 cm−1
separation in frequency were resolved, including the one
affected by the continuum. Then, we systematically
study the change in the asymmetry of this phonon, with
polarization-resolved Raman spectroscopy. We find that
the continuum and the phonon asymmetry are not ob-
served when the photon polarizations are perpendicular
to the honeycomb plane. This strongly suggests that
these effects are of 2D magnetic origin, even at room tem-
perature, a scale larger than the bare Kitaev exchange of
≈5–8 meV ∼58–90 K7,19,26–28.
II. EXPERIMENT
The single crystal of α-RuCl3 used here was grown as
described elsewhere24. Similar crystals have been stud-
ied by neutron scattering7–9, terahertz29 and Raman16,27
spectroscopies. Laue diffraction patterns were taken on
various spots across the surface of the sample (a-b plane)
at room temperature to confirm the large domain, single
crystal nature of our sample (Fig. 1(c), (d), (e)). Raman
spectra with 514.5 nm laser excitation were measured in
ambient conditions using a single-grating spectrometer
(grating with lines density of 1800 mm−1, and 1.27 cm
CCD detector) in the 180° backscattering configuration.
A combination of half wave plates and linear polarizers
was used to measure spectra in either parallel or crossed
polarization configurations, where the polarization orien-
tations were confirmed using MoS2 as a reference
30. The
α-RuCl3 sample, where the a and b axes were known
from Laue diffraction, was placed on a rotating stage to
access different crystal orientations. Enabled by the large
thickness of our single crystal, we also measured Raman
spectra from the a-c plane by mounting the crystal on its
side. Integration times ranged between 5 minutes (a-b
plane) and 12 minutes (a-c plane), and the laser power
was kept below 200 µW through the objective (50x, nu-
merical aperture 0.75 to probe a-b plane, 100x long work-
ing distance objective, numerical aperture 0.75 to probe
a-c plane) to avoid any local heating of the sample.
Given the point group symmetry of the bulk crystal is
C2h, we expect 12 Raman active phonons: 6Ag + 6Bg.
Group theory predicts the Raman response tensor of Ag
and Bg to be the following:
RAg =
a 0 d0 b 0
d 0 c
 ; RBg =
0 e 0e 0 f
0 f 0
 (1)
where a, b, c, d, e, f are independent coefficients. The 3×3
matrices in Eq. 1 are written in a coordinate system
b
c
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FIG. 1. (color online) Crystal structure and Laue X-ray
diffraction pattern. Crystal structure of α-RuCl3 projected
onto the a-c plane (a) and a-b plane (b). The solid black lines
represent the unit cell. The orange balls represent Cl atoms,
while the larger blue balls represent Ru atoms. (c) Picture of
studied sample; the red circles are the approximate location of
where the Laue patterns in (d) and (e) were taken. The well
defined circular dots indicate the single-crystallinity of our
sample. This pattern remained unchanged over several mil-
limeters on the a-b plane surface. The relationship between
the crystallographic axes (a,b,c) and the laboratory (Raman
tensor) coordinate (x,y,z) is shown in (f). Notice that c and
z are not parallel.
3where the tensor’s x and y axes are parallel to the crystal-
lographic a and b axes respectively. The selection rules
allow for both Ag and Bg phonons to be measured from
the a-b plane. Furthermore, Ag and Bg phonons can be
measured simultaneously in both crossed and parallel po-
larization configurations when the polarizations are not
coincident with either the a or b crystallographic axis.
The predicted angular dependence of the Raman re-
sponse in the backscattering geometry is shown in Table
I, where θ is the angle between the incoming polarization
and the crystal’s b axis for the measurement in the a-b
plane (inset in Fig. 2), and φ is the angle away from the
a axis for the a-c plane measurement (inset in Fig. 5).
The Raman intensity is given by the square of the expres-
sions given in Table I: IRaman = |ei ·R ·es|2, where ei and
es are the incident and scattered polarization directions,
respectively. We expect the intensity of the Ag and Bg
phonons to be 4-fold modulated, and out of phase with
each other as θ changes within the a-b plane. In contrast
in the a-c plane, Bg phonons are not allowed and the Ag
phonons should only show 2-fold modulated intensities.
III. DATA
We obtained multiple Laue X-ray diffraction patterns
across our mm sized sample, where two examples are
shown in Fig. 1 (d) and (e). The consistency of the
diffraction patterns at various locations confirmed that
our sample is not only of single crystal nature, but also
that the domain size is in the order of a few mm. The
Laue diffractometer determined the highest symmetry
axis of our crystal, the b axis with 2-fold rotational sym-
metry, in Fig. 1(d), (e). With the a-b plane defined
as the basal plane, we can uniquely determine the other
two crystal axes, a and c. The unique b axis places
constraints on any rank 2 property tensor (i.e. Raman
response tensor) by Neumann’s principle31. From this
constraint, the tensor y-coordinate (in Eq. 1) is identi-
cally the crystal’s b axis. We then define the x axis to
be the a axis. This leaves the laboratory frame’s z axis
to be different from the crystal’s c axis (Fig. 1(f)).
Using this knowledge of the crystallographic axes, our
initial measurement of the a-b plane collected with inci-
dent polarization parallel to b is presented in Fig. 2. The
labels z¯(bb)z and z¯(ab)z represent the experimental con-
figurations of the direction of propagation of the incoming
beam, the polarization of incident and scattered photons,
and the propagation direction of the scattered beam. At
first glance, we observed similar spectra to previous Ra-
man studies on α-RuCl3
10,11. When we carefully com-
pare the two traces in Fig. 2, between the parallel and
crossed polarization configuration around 270 cm−1 and
295 cm−1, there are clear differences in the phonon peak
frequencies of approximately 2 cm−1. Similarly, two dis-
tinct and weaker phonons can be seen around 119 cm−1.
Our measurements show what appears to be two asym-
metric phonon peaks around 164 cm−1 (Fig. 2) and a
broad background. An asymmetric Fano lineshape typi-
cally arises when a discrete resonance, a phonon in this
case, is coupled to a broad continuum32. This scattering
continuum in α-RuCl3 has been subjected to multiple low
temperature studies10,11, and its origin at room temper-
ature will be discussed in the next section.
To determine the phonon frequencies, the peaks in the
Raman spectra were fit with Lorentzian lineshapes, with
the exception of the asymmetric peaks near 164 cm−1,
where the Fano lineshape:
I(ω) = I0
1
(1 + q2)
(q + (ω−ω0Γ ))
2
1 + (ω−ω0Γ )
2
(2)
was used instead. Here, q represents the asymmetry pa-
rameter. A Lorentzian lineshape is recovered as q goes to
infinity (or 1/|q| = 0). I0 is an overall intensity scale, Γ is
the intrinsic width (inverse lifetime) of the phonon, and
ω0 is the natural frequency of the mode. We label the
phonons with the irreducible representations Ag and Bg
of the point group C2h in Tab. II (and Fig. 2) in contrast
to previous reports. The Fano parameters (1/|q|) found
for parallel (A2g) and crossed (B
2
g) configuration are 0.064
and 0.091, respectively.
With fixed polarizers and rotating the sample, we col-
lected Raman spectra as a function of the angle between
the laser polarizations and the crystalline axes. In the
a-b plane, oscillations in the scattered intensity in both
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FIG. 2. Raman intensity of the a-b plane. The parallel
configuration data are offset for clarity. Here z is the lab frame
direction in which the incident and scattered beams propa-
gate (z¯ = −z) and a and b are the crystallographic axes. A
clear difference is observed between some of the phonon fre-
quencies in the crossed and parallel configuration. We labeled
these phonons with Ag and Bg, of the bulk point group sym-
metry C2h. The * mode seen in z¯(ab)z is the A
6
g phonon
signal leakage due to imperfect polarizers. The inset shows a
schematic of the a-b plane measurement, where θ is defined
as the angle between the incident polarization and the b axis.
4Symmetry
Phonon number
1† 2† 3 4† 5† 6
Ag 119.4 164.2 222.0 271.9 295.8 313.1
Bg 115.8 165.8 N.O. 269.3 297.6 291.5
TABLE II. List of Ag and Bg phonon frequencies in units of cm
−1. The symmetries of the phonons were determined by their
intensities when ei or es were along a crystalline axis. In such polarization configuration, Ag modes appear in parallel and Bg
in crossed. The † denotes pairs of nearly degenerate phonon modes, not observed in previous publications. B6g was deliberately
labeled out of order to make the nearly degenerate phonon pairs clearer. N.O. means not observed.
crossed and parallel configuration (Fig. 3), around 164
cm−1, 270 cm−1, and 295 cm−1 were observed. In con-
trast, the A6g phonon remained constant in frequency.
Each peak frequency oscillation can be explained by a
pair of Ag and Bg phonons. The phonons in each pair
change in intensity out of phase with each other as the
sample is rotated which results in the apparent oscillation
of a phonon peak frequency. We employed a fitting model
that contains Lorentzians with frequencies fixed by the
Ag and Bg phonon frequencies. Three example spectra
(from crossed polarizations configuration) and their fit-
ted curves are plotted in Figure 4. The spectral weight of
the A4g, B
4
g , A
5
g, B
5
g phonons are also plotted as a function
of the angle (Fig. 4). The solid lines are group theory
predicted responses, Table I, which are in excellent agree-
ment with our data. In order to measure only the Ag or
Bg phonons in the a-b plane, the incident and scattered
polarizations have to be parallel to either the a or b axis
of the crystal.
Our angular dependent measurements of the a-c plane
confirmed the group theoretical prediction, showing no
oscillating phonon peaks. In the backscattering geome-
try, only Ag phonons are active in this plane (see eq. 1).
Surprisingly, the A2g phonon showed a dramatic shift in
the frequency of its maximum intensity as a function of
sample orientation φ (Fig. 5). Additionally, its asymme-
try changed dramatically, becoming nearly symmetric at
certain angles, e.g. 1/|q| → 0 when φ = 90° (see inset
of Fig. 5). This angle corresponds to the incident and
scattered laser polarizations being perpendicular to the
a-b plane. Also at this angle, the background/scattering
continuum below the phonon frequency vanishes.
IV. DISCUSSION
A. The effects of symmetry reduction on Raman
phonons
The observations above (the frequency separation of
the nearly degenerate phonons, and the polarization-
dependent details that allow us to determine the point
group of the crystal), are made possible only by the
large, high quality, single crystal sample with crystal-
lographic domain size larger than a few mm. Previ-
ous studies10,11,16,27,33,34 did not report multiple phonons
with ≈ 2 cm−1 difference in their frequencies between
crossed and parallel configuration. In these studies, the
authors assumed the point group D3d of a single perfect
honeycomb layer to label the α-RuCl3 Raman phonon
spectra with 4Eg + 2A1g. We postulate that the samples
used in those studies either contain multiple domains in
the volume probed by their laser, or the laser polariza-
tions are not parallel to a crystalline axis. In either case,
broader, averaged phonon peaks would appear in place
of the separate Ag and Bg modes as seen in Fig. 4 (b).
It is interesting to see how the conclusions from these
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previous experiments would change with the full details
of the Raman phonon spectrum.
By comparing our result to other Raman
studies10,16,33,34, we noticed that the pairs of phonons
A1g and B
1
g , A
2
g and B
2
g , A
4
g and B
4
g , A
5
g and B
5
g were
labeled as Eg modes. Factor group analysis reveals that
the doubly degenerate Eg phonons of D3d, the often
assumed symmetry of α-RuCl3 crystals, would split into
the Ag and Bg modes of C2h, the point group symmetry
of bulk α-RuCl3
24,25. Our observation of the nearly
degenerate Ag and Bg phonons confirms this picture.
It also suggests that the energy scale of the symmetry
breaking effect that splits these modes is small .1 meV.
Similar splitting of the Eg modes in the phonon spectra
were calculated by density functional theory35 and con-
firmed experimentally36 in CrI3, a material that shares
the same point group symmetry with α−RuCl3 at room
temperature. Larson and Kaxiras35 conclude that the en-
ergy differences between the Ag and Bg pairs of phonons
come from the weak interlayer coupling. This is con-
sistnet with the small frequency differences that we have
measured. We also expect the distortion of each hon-
eycomb layer, where two of the bonds of the hexagon
differ from the other four, to play a similar role in the
phonon splitting. Although the magnitude of this lattice
distortion is minute (≈ 0.2%)24,25, it is not inconsistent
with our results. Further studies are necessary to clar-
ify the contribution from each mechanism responsible for
the observed splitting.
B. Scattering continuum and the Fano lineshape
Previous reports have characterized the Raman inten-
sity around 164 cm−1 with a Fano peak and a broad scat-
tering continuum. Our measurements of the a-b plane
show that there are two Raman phonons near 164 cm−1,
with two different asymmetry parameters 1/|q| as shown
in Figure 3. It was argued that at low temperature, such
scattering continuum comes from the magnetism in α-
RuCl3
10,11. In this picture, it is expected that the Ra-
man scattering process measures the excitation of the
itinerant Majorana fermions in the Kitaev QSL, and can
appear as a broad feature in the spectrum4,13,14,17,23,26.
Our observation in the a-c plane (Fig. 5) where only the
A2g phonon is allowed, showed three dramatic changes in
the phonon Raman response as the sample was rotated
around the b axis: the shift of the phonon peak fre-
quency, the vanishing of the continuum and of 1/|q| when
the laser polarization is aligned perpendicular to the hon-
eycomb plane. The Fano line shape is expected to show
a large shift in the measured peak frequency when the
energy of the discrete state is comparable to the energy
of the background32. Indeed, we observed a difference
of about 2.5 cm−1 in the bare phonon frequency of A2g
from fitting with eq. 2 at φ = 0° and 90°. Therefore,
the Fano line shape and the continuum share the same
origin, as they disappear together when φ = 90°. These
phenomena are consistent with the idea that the contin-
uum cannot be excited with ei,s ⊥ a-b plane, and thus
suggests that the scattering continuum seen in our data
is a 2D effect.
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eter 1/q. We expect 1/q to vanish when the phonon becomes
fully symmetric.
While the continuum disappears, the Ag phonons are
still present. Combined with the presence of the contin-
uum when Bg phonons are not active (b¯(aa)b), we con-
clude that the continuum cannot come from any phononic
contribution of the Ag or Bg modes. We can also rule out
the single-particle excitation of free electrons contribut-
ing to the continuum. We would expect the scattering
of electrons between the weakly coupled van der Waals
layers to be weak, leading to a 2D-like quasi-elastic re-
sponse. However, this material is a Mott insulator, with
an optical gap of about 1 eV37–40. Temperature depen-
dent electrical resistivity measurement further confirm
the insulating behavior of α-RuCl3
33. The lack of free
carriers is also evident in various far-infrared and tera-
hertz transmission spectroscopy experiments, especially
through ∼ mm thick single crystals of α-RuCl329,40–42.
In addition, another candidate to host the Kitaev QSL
phase, β-Li2IrO3, showed similar broad scattering back-
ground at low frequency along with multiple asymmetric
phonons, even at room temperature12.
There have been several studies of Raman scattering in
the Kitaev model. They predict a scattering continuum
coming from the excitation of the Majorana fermions,
in both the gapped, and gapless Kitaev QSL ground
states4,13,14,17,23,26. In particular, Perreault et al. 23
showed that Raman scattering from Kitaev exchange is
only absent for incoming and outgoing polarizations per-
pendicular to the honeycomb plane. At the same time,
the response in the a − c plane is not zero if both the
3-fold symmetry of the perfect honeycomb lattice is bro-
ken, and both direct and mediated superexchange are
considered in the Kitaev interaction. Our observations
support this picture, as the phonon asymmetry and the
continuum are present in all polarization combinations,
except when they both point perpendicular to the a− b
plane, and by the fact that our Ag−Bg phonon splitting
means that the 3-fold symmetry is broken. Furthermore,
it is expected that the Kitaev scattering continuum per-
sist up to temperatures of at least 7 × JK , where JK is
the isotropic Kitaev exchange constant26,27. The value
of JK has been estimated to be 5 meV to 8 meV (58
K to 93 K)7,10,19,28, which places the continuum persis-
tence temperature well above 300 K. Combined with the
polarization-resolved results described above, it strongly
suggests that the scattering continuum measured in bulk
α-RuCl3 comes from the Kitaev QSL physics at room
temperature.
V. SUMMARY
Using polarization-sensitive Raman scattering of the
phonon spectrum in α-RuCl3, we showed that the point
group symmetry of the crystal is C2h, and not the D3d
point group of its perfect honeycomb layer. Because of
the large, high-quality single crystal used in this experi-
ment, we correctly identified and labeled the full Raman
active phonon spectrum. We observed a broad scattering
continuum and two Fano line shape resonances near 164
cm−1. The scattering continuum and the Fano asym-
metry were found to vanish with laser polarizations per-
pendicular to the honeycomb plane. We argued that the
Kitaev exchange is the most likely cause for the con-
tinuum and the asymmetry even at room temperature.
Thus, we provide an example that shows the power of
polarization-resolved Raman scattering in the study of
Kitaev materials.
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